ABSTRACT. To clarify the regulatory mechanism by bactericidal peptides secretion, the secretion of bactericidal peptides was immunohistochemically and histoplanimetrically compared with the degree of Gram-positive/negative bacterial colonization throughout the rat alimentary tract. In the associated exocrine glands from the oral cavity to the stomach, no comparable differences were observed under the changes of development of indigenous bacterial colonies. In the small intestine, immunopositive granules for lysozyme and secretory phospholipase A2 (sPLA2) were markedly decreased, whereas immunopositive vacuoles in the Paneth cells were more increased at sites with hyper-development of indigenous bacterial colonies in the intervillous spaces than at sites with no or less development. No changes in exocrine glands were observed in the large intestine because of the constant existence of large quantities of bacteria. Gram-positive bacterial colonies on the mucosal surfaces were dominant from the oral cavity to the stomach. Gram-negative bacteria were dominant in the large intestine, and the distributions of both Gram-positive and negative bacteria were intermediate in the small intestine. These findings suggest that lysozyme and sPLA2 secreted from the Paneth cells contribute to the regulation of the proliferation of indigenous bacteria in the intervillous spaces of the small intestine, and that the inversion of distributions of Grampositive and -negative bacteria in the alimentary tract might be caused by the secretion of lysozyme and sPLA2 in the small intestine.
, Hidenori MIYATA 1) , Kankanam Gamage Sanath UDAYANGA 1) , Wang-Mei QI 2) , Ei-ichirou TAKAHARA 1) , Youhei MANTANI 1) , Toshifumi YOKOYAMA 1) , Junichi KAWANO 1) , Nobuhiko HOSHI 1) and Hiroshi KITAGAWA 1) Many species of indigenous bacteria are adapted to live and grow in human and other mammalian alimentary tracts [7] . They have various effects on the host, such as prevention of exogenous pathogenic bacteria from colonizing in gastrointestinal tract, stimulation of the development of the host defense system, and synthesis of short-chain fatty acids and vitamin K that can be used in host anabolic pathways [7, 14] .
In human alimentary tracts, indigenous bacteria are distributed at characteristic population levels in particular regions of the tract. The oral cavity contains over 200 species of indigenous bacteria. Saliva contains 10 6 /ml of transient bacteria shed from oral surfaces such as the tongue and the cheek [8] . From the stomach to the cranial small intestine, there are low numbers of indigenous bacteria, such as acid-tolerant lactobacilli and streptococci, because of the low pH of gastric contents and swift flow [2] . Diverse indigenous bacteria reside in the caudal small intestine (10 8 / ml bacteria in intestinal contents) because of decreased peristalsis and lower oxidation-reduction [2] . The large intestine is the primary site of indigenous bacterial colonization (10 10 -10 11 /ml bacteria in intestinal contents) because of both the slow intestinal motility and the very low oxidation-reduction potential [2] . The numbers of indigenous bacteria are generally maintained in each part of the alimentary tract under physiological conditions [23] .
In rats, the fundamental settlement sites of indigenous bacteria have been determined to be the most luminal sites of the mucosae throughout the alimentary tract [27] . Several possible sugars that are specific for indigenous bacterial lectins, are expressed restrictedly on the lateapoptotic epithelial cells of the most luminal sites of mucosa in the rat jejuno-ileum [3] and through the rat alimentary tract [28] . In the small intestine, the apices of both the intestinal villi and the domes of mucosal lymphatic follicles are unstable sites where apoptotic epithelial cells are incessantly shed into the intestinal lumen [18, 19] . The lifespan and migration speed of columnar epithelial cells are crucial factors in the regulation of the settlement of indigenous bacteria in the rat small and large intestine. Therefore, the stable settlement of indigenous bacteria is considered to be maintained by the delicate balance of the proliferation rate of indigenous bacteria over the exfoliation rate of effete apoptotic epithelial cells [20, 21] . In addition, the indigenous bacteria closely attached to the epithelial cell membranes are eliminated by physical and chemical elimination by epithelial cells themselves [10, 11] . The proliferation and settlement of indigenous bacteria are regulated by several other factors, as well, such as the thickness of the mucous layer, digestive enzymes, pH in the milieu, the secretion of several bactericidal substances and so on [5, 9] .
We have previously clarified that lysozyme, secretory phospholipase A2 (sPLA2), β-defensin1 and β-defensin2 are secreted by particular exocrine organs associated with the rat alimentary tract [29] . The exact mechanism of bacterial regulation by bactericidal substances, however, has not yet been clarified. Therefore, this study aims first to immunohistochemically clarify the exact mechanism of bacterial regulation by the bactericidal peptides through the rat alimentary tract under physiological conditions.
From a previous bacteriological study, Gram-positive lactobacilli are predominant in the upper alimentary tract from the stomach to the cranial small intestine, but in the lower part of the alimentary tract, Gram-positive lactobacilli, gram-negative bacteroides and Escherichia coli are predominant in conventional rats [17] . We have previously clarified that lysozyme, sPLA2, β-defensin1 and β-defensin2 are secreted from salivary glands and lacrimal glands into the upper alimentary tract, but only lysozyme and sPLA2 are secreted from Paneth cells in the lower alimentary tract. The site differences in bactericidal peptides secretion might be one of the effective factors in the compartmentalization of Gram-positive bacteria and Gram-negative bacteria in the rat alimentary tract [29] . However, the site differences in the settlement of Grampositive bacteria and Gram-negative bacteria in the rat alimentary tract have never been histologically clarified. T h e r e f o r e , t h i s s t u d y s e c o n d a r i l y a i m s t o histoplanimetrically clarify the relationship between the site differences in Gram-positive and -negative bacteria settlement and bactericidal secretions in the rat alimentary tract.
MATERIALS AND METHODS

Animals:
Five male Wistar rats aged 7 weeks (Japan SLC Inc., Hamamatsu, Japan) were maintained under conventional laboratory housing conditions. They were permitted free access to water and food (Lab MR Stock; Nosan Corp., Yokohama, Japan). The animal facility was maintained under conditions of a 12-hr light/dark cycle at 21 ± 1ºC and 50-60% humidity. Clinical and pathological examinations in all animals confirmed no sign of disorder. Experiments were approved by the Institutional Animal Care and Use Committee (Permission number: 17-04-05) and were carried out according to the Kobe University Animal Experimentation Regulations.
Tissue preparation: Histological sampling was carried out from 9:00 a.m. to 3:00 p.m. Immediately after euthanasia with an intraperitoneally injected 200 mg/kg of pentobarbital sodium (Dainippon Sumitomo Pharma, Osaka, Japan), all animals were intracardially perfused with cold 4%-paraformaldehyde in 0.1 M phosphate buffer (PFA). Tissue samples were taken from the cranial, middle and caudal portions of the tongue, the cranial and caudal third portions of the esophagus, the cranial, middle and caudal portions of the anterior stomach, the cranial, middle and caudal portions of the glandular stomach, the duodenum, the cranial and caudal third portions of the jejunum, and the cranial and caudal third portions of the ileum, cecum, ascending colon, descending colon, rectum, Harderian glands, extraorbital lacrimal glands, parotid glands, sublingual glands, submandibular glands, liver and pancreas. And they were cut into small pieces and additionally immersion-fixed in the same fixative for 6 hr at 4ºC. The tissue blocks were dehydrated, embedded in paraffin with routine methods and cut into 4-μm-thick sections along the longitudinal axis of the canal. They were mounted onto 3-aminopropyltriethoxysilane (Shin-Etsu Chemical, Tokyo, Japan)-precoated slide glasses and stored at 4ºC until use.
Antisera and normal sera: The following antibodies and normal sera were used for immunohistochemistry: Anti lysozyme-C goat IgG (diluted at 1:200, Santa Cruz Biotechnology, Santa Cruz, CA, U.S.A.), anti sPLA2 goat IgG (diluted at 1:100, Santa Cruz Biotechnology), anti β-defensin1 goat IgG and anti β-defensin2 goat IgG (diluted at 1:100, Santa Cruz Biotechnology), horseradish peroxidase (HRP)-conjugated anti goat IgG mouse IgG (diluted at 1:400, Chemicon International, Temecula, CA, U.S.A.), mouse normal serum and goat normal serum (diluted at 1:100, Chemicon International).
Immunohistochemical experiment: An indirect method of enzyme immunohistochemistry was employed. Briefly, after deparaffinization, sections were autoclaved in 0.01 M sodium citrate buffer solution (pH 6.0) at 121ºC for 20 min for antigen retrieval (only for detection of sPLA2), followed by immersion in absolute methanol and 0.5% H 2 O 2 , each for 30 min. Three 0.05% Tween-added phosphate-buffered saline (TPBS; pH 7.4) rinses were performed after all preparation steps to remove any reagent residues. Following blocking with 1% normal serum for 1 hr at room temperature (r.t.), the sections were reacted with primary antibody for 18 hr at 4°C. Then the sections were incubated with HRP-conjugated secondary antibody for 1 hr at r.t. After rinsing with 0.01 M phosphate buffered saline (pH 7 . 4 ) , t h e s e c t i o n s w e r e i n c u b a t e d w i t h 3 , 3 ' -diaminobenzidine containing 0.03% H 2 O 2 , and were slightly counterstained with hematoxylin. Control sections were incubated with TPBS or non-immunized goat serum instead of primary antibodies. Other serial sections of immunohistochemically-used ones were stained with Gram's stain kit to detect indigenous bacteria.
Histological detection of microflora (Gram's staining): Briefly, after deparaffinizing, the sections were stained with Gram's stain reagent solution 1 (Muto Pure Chemicals, Tokyo, Japan) for 2 min at r.t. After rinsing with distilled water (DW), the sections were incubated with Gram's stain reagent solution 2 (Muto Pure Chemicals) for 1 min at r.t., followed by rinsing with absolute ethanol for 50 sec. Then, the sections were incubated with Gram's stain reagent solution 3 (Muto Pure Chemicals) for 1 min at r.t. After rinsing with DW, sections were dehydrated with acetone for 1 min at r.t. As positive controls of Gram's staining, the sections of colonies of Bacillus subtilis (Gram-positive bacterium) and E. coli (Gram-negative bacterium) colonies that were cultured on the agar, fixed with PFA and embedded into paraffin with the same procedure as rat tissues, were stained with Gram's stain kit.
Measurement of Gram-positive and -negative indigenous bacteria: The distributions of Gram-positive and Gramnegative indigenous bacteria were measured using an oilimmersion 100 × objective lens. More than twenty bacteria were measured from each bacterial accumulation on the mucosa. In the tongue, the average rates of Gram-positive and -negative bacteria colonized on the surfaces of 5 randomly selected filiform papillae were calculated for each animal. From the esophagus to the anterior stomach, 5 areas of 100-µm width per animal were randomly selected. And the average rates of Gram-positive and -negative bacteria colonized on the corneal layer of the areas were calculated. From the duodenum to the ileum, 5 intestinal villi with enlarged indigenous bacterial colonies were randomly selected for each animal. And the average rate of Grampositive/negative bacteria was calculated from 5 intestinal villi. From the cecum to the rectum, 5 sites per animal were randomly selected, and then the average rates of Grampositive and -negative bacteria colonized on the intestinal superficial epithelial cells or the intestinal crypt lumen were calculated from the 5 areas. The average rates of Grampositive or -negative bacteria were finally calculated from 5 animals.
Statistical analysis: Data are presented as means ± standard deviation. The Student-t test was used to compare the means of the Gram-positive and -negative bacterial rates in each alimentary tract. P values less than 0.05 were considered statistically significant.
RESULTS
The changes in bactericidal peptides secretion from the exocrine gland through the alimentary tract under indigenous bacterial proliferation:
No changes in the staining intensities of 4 bactericidal peptides were visible in the exocrine glands associated with the tongue to the stomach in spite of the under-expression or hyper-expansion of indigenous bacteria. No changes in immunoreactivities for bactericidal peptides were observed in the exocrine glands from the cecum to the rectum. That is, only epithelial cells of cecal crypts were strongly immunopositive for lysozyme and sPLA2, and weakly immunopositive for β-defensin1 and β-defensin2 in all intestinal crypts of large intestine.
In the small intestine, lysozyme and sPLA2-positive Paneth cells were more frequent toward the ileum. The granules of Paneth cells in the jejunum and ileum, but not the duodenum, were strongly immunopositive for lysozyme and sPLA2. The duodenal Paneth cells were weakly positive for lysozyme and sPLA2. The staining intensities for lysozyme and sPLA2 in the secretory granules of Paneth cells changed depending on the degree of expansion of the indigenous bacterial colonies into the deeper intervillous spaces in the jejunum and the ileum. Namely, in the sites with Gram-positive or -negative indigenous bacteria proliferating from the villous apices into intervillous spaces, the lysozyme and sPLA2-positive secretory granules decreased, but negative or weakly positive vacuoles increased in the Paneth cells at the intestinal crypts of the same sites. In this case, most of the bacteria in the intervillous spaces were positive for lysozyme and sPLA2. In the case that indigenous bacteria were restricted at the villous apices, strongly positive secretory granules remained, but a few negative vacuoles were occasionally found in the Paneth cells (Figs. 1a-4d ). These changes in the Paneth cells were similar in all 5 animals we used. In all control sections, no positive reactions were visible.
Distribution of Gram-positive and -negative indigenous bacteria throughout the rat alimentary tract:
In the tongue, indigenous bacteria colonized on the dorsal surfaces of the lingual papillae, and about 91-100% of bacteria were Grampositive, most of which were cocci (Figs. 5 and 7a) . From the esophagus to the anterior stomach, indigenous bacteria colonized on the corneal layer of the stratified squamous epithelia, of which about 79-95% were Gram-positive; most of these were cocci in the esophagus and bacilli in the anterior stomach (Figs. 5, 7b and 7c ). In the glandular stomach, indigenous bacteria colonized on the gastric superficial epithelial cells, and about 54-73% of them were Gram-positive, most of which were cocci (Figs. 5and 7d) . The rates of Gram-positive bacteria were significantly higher than those of Gram-negative bacteria from the tongue to the anterior stomach except for the caudal third portion of the esophagus. However, the rates of Gram-positive bacteria tended to decrease toward the pylorus. There were no significant differences between the rates of Grampositive and Gram-negative bacteria from the cranial to the caudal portion of the glandular stomach (Fig. 5) . From the duodenum to the cranial third portion of the ileum, a few indigenous bacteria adhered to the apices of the intestinal villi, and the amount of bacteria on the intestinal villi decreased toward the bases of the intestinal villi. In the jejunum, two morphological forms of bacterial colonies were frequently observed in the intervillous spaces: Grampositive cocci and Gram-negative short bacilli (Fig. 7e and  7f ). There were no significant differences between the rates of Gram-positive and -negative indigenous bacterial rates (Fig. 6 ). In the caudal third portion of the ileum, Grampositive segmented filamentous bacteria were frequently observed on the epithelial cells of the top of the villi and expanded into the intervillous spaces (Fig. 7g ). There were significantly more Gram-positive bacteria than Gramnegative bacteria in the caudal third portion of the ileum (Fig. 6) . From the cecum to the ascending colon, a large amount of Gram-negative short bacilli were frequently observed on the most luminal mucosa and in the intestinal crypt, whereas a few Gram-negative short bacilli were seen only on the most luminal mucosa from the descending colon to the rectum (Figs. 6, 7h and 7i) . From the cecum to the rectum, the rates of Gram-negative bacteria were significantly higher than those of Gram-positive bacteria (Fig. 6 ).
DISCUSSION
A massive depletion of secretory granules of the Paneth cells in the small intestine of germ-free rats has been observed following the oral administration of bacteriacontaining feces derived from conventionally reared rats [25] . Paneth cell granules are released into the intestinal crypt lumen when live or heat-killed bacteria are orally administrated to germ-free mice [24] . Both intraluminal bacteria and bacterial lipopolysaccharide can stimulate secretions from rat Paneth cells ex-vivo [22] . Our previous study clarified that lysozyme and sPLA2 are secreted from Paneth cells in the rat small intestine [29] . In the present study, lysozyme and sPLA2 in secretory granules of Paneth cells are most frequently and strongly expressed in the ileum, previously suggested as the most frequent residence site of indigenous bacteria in the rat small intestine [27] . In this study, the lysozyme-and sPLA2-positive secretory granules decreased, but negative or weakly positive vacuoles increased in the Paneth cells of the intestinal crypts in the sites where indigenous bacteria proliferate into the deep intervillous spaces. Most of the bacteria in the intervillous spaces were also positive for lysozyme and sPLA2. From these findings, the decrease of lysozyme-and sPLA2-positive granules in the Paneth cells suggests that the bactericidal peptides are secreted into the intestinal crypts in response to the expansion of indigenous bacteria into the intervillous spaces. Consequently, the secretions of bactericidal peptides from the Paneth cells are suggested to be one of the important regulatory factors against the hyperproliferation of indigenous bacteria which settle on the mucosa in the small intestine.
In the stomach of conventionally reared rats, the population of Gram-positive lactobacilli is extremely large, and forms layers on the stratified squamous epithelium of the nonglandular parts. Lactobacilli are detected at 10 7 per gram of contents in the cranial intestinal lumen [17] . In the small intestine, bacilli or cocci mainly colonize on the epithelia of the villous apices. From the cecum to the ascending colon, a large amount of indigenous bacteria mainly consisting of bacilli reside in the intestinal crypts, whereas the indigenous bacteria reside only in the most luminal mucosa in the distal colon and the rectum [27] . In the large intestine, Gram-positive lactobacilli, Gramnegative bacteroides and E. coli are defined to be predominant by a microbiological technique [17] . In the present study, the rates of Gram-positive bacteria that colonized on the surfaces of the mucosal epithelia were significantly higher than those of Gram-negative from the tongue to the anterior stomach. On the other hand, the rates of Gram-positive bacteria were significantly lower than those of Gram-negative from the cecum to the rectum. In the small intestine, the rates of Gram-positive and -negative bacteria were almost intermediate. We have previously clarified that lysozyme, sPLA2, -defensin1 and β-defensin2 are secreted mainly from exocrine glands associated with the upper alimentary tract, but only lysozyme and sPLA2 are also secreted from the Paneth cells in the small intestine [29] . Lysozyme mainly acts against Gram-positive bacteria, and several Gram-negative bacteria [1, 12] , as well as sPLA2 [13, 16] . α-defensins and β-defensins act for both Gram-positive and Gram-negative bacteria [4, 6, 15] . Administration of dithizone, which selectively damages Paneth cells, increases E. coli colonization in the rat small intestine [26] . From these findings, the increase of the rates of Gram-negative bacterial colonies and the decrease of Gram-positive bacteria toward the caudal alimentary tract and the inverse proportion of Gram-positive bacteria are probably caused by the secretion of lysozyme and sPLA2 from the Paneth c ells. Furthermore, the predominance of Gram-negative bacteria might be maintained in the large intestine by the preferential secretion of lysozyme and sPLA2 from the cecum.
ACKNOWLEDGMENT. This work was financially supported in part by a Grant-in-Aid for Scientific Research (no. 23580403) from the Japan Society for the Promotion of Science.
